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Abstract 
The high penetration of renewable energy sources in power systems will deteriorate power quality and affect frequency stability. 
This issue is more severe in a small-capacity area or island power system that is weakly linked to the main grid. For the 
deviations of frequency and tie-line power exchange in power systems with multi-source generation units, we proposed a new 
robust control strategy based on linear quadratic soft-constrained differential games theory to reduce the influence from 
variations of wind farms output. The results of simulation testify its effect and robustness. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Renewable energy sources, such as the wind and solar power, are stochastic and intermittent. The high 
penetration of renewable energy sources in power systems will deteriorate power quality and affect frequency 
stability. It is important that deviations of system frequency and power exchange between areas should be regulated  
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within certain standards. The large integration of wind power poses challenges to this task. This paper applies 
differential games theory to solve this problem, which can produce control strategies that are acceptable for different 
types of generation units. The effectiveness of proposed method is tested by the simulation based on a two-area 
interconnected power system. 
Power systems contain different types of power sources generation units, such as coal, hydro, and gas. Load 
frequency control (LFC) is used for interconnected power systems which specific criteria under load disturbance. 
LFC aims to regulate deviations of frequency and scheduled tie-line power exchange. LFC studies should consider 
all these units. Optimal control theory (OCT) has been applied in LFC studies1. However, these studies consider only 
the situation of one type of unit in the control area. Differential games theory (DGT) provides an effective solution 
to such problem2. The results of OCT-based optimal tracking control theory (OTCT) are extended to the framework 
of linear quadratic DGT. The paper3 uses similar techniques to enhance the robustness of control strategy based on 
linear quadratic soft-constrained differential games theory (LQSCDGT). 
2. Tracking Control based on LQSCDGT 
2.1. Linear Soft-constrained Differential Games Theory 
The following equation describe a system with N players, 
1
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Where 1( ) nx t R u is a state vector, 1( ) kw t R u is a disturbance vector, 1( ) imu t R u  is a control vector, the letter i  
on behalf of the player number. n nA R u , in miB R u  and n kR u*  are real matrices respectively. 
The following type cost function is adopted for simplicity, 
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   Where n niQ R u  is a symmetric matrix, j jm miR R u , k kiV R u  are symmetric and positive definite matrices 
The linear feedback control used by the ith player can be expressed as 
i iu F x . Here, im niF R u , 1,( )NF F  belongs 
to the set ^ `1( ,..., ) | NN i iiF F F F A B F is stable  ¦ . 
    Theorem4: N real symmetric n×n matrices 
iP  and N  real symmetric n×n matrices iY  that satisfy the following 
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Where 1 Ti i i iS B R B
 , 1 Ti iM V* * .Define the N-tuple * * * *1 2( , ,..., )NF F F F  by 
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* 1 1,2,Ti i i iF R B P i N
    (5) 
This N-tuple is a soft-constrained Nash equilibrium. The optimal control of the ith player under this equilibrium is, 
* 1( ) ( )Ti i i i iu F x t R B Px t
    (6) 
The iP satisfies the following differential equation: 
 ( ) ( )N NTi j j i i j j i i i i i
j i j i
P A S P P P A S P P S M P Q
z z
       ¦ ¦  (7) 
2.2. Extending the OCT Results to the LQSCDGT Framework 
A paper3 propose a linear quadratic differential game tracking control (LQDGTC) method for different 
generation units. But it relies on an accurate measurement of disturbance. In this section, the results5 of OTCT are 
extended to the LQSCDGT framework to enhance the robustness of control strategies. The cost function (2) is 
rewritten as, 
^ `
0
( ( ) ( )) ( ( ) ( )) ( ) ( )
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J x t x t Q x t x t u t R u t dt   ³  (8) 
Where 1n
r
x R u  is the desired trajectory. 
The disturbance vector ( )w t  is divided into an observable part ( )obw t  and unobservable part ( )uow t . The 
following equations, y Ey , rx Gy , z Dz  and obw Hz ,model the signal rx  and obw  .The state variable is 
redefined as
TT Tx x dª º ¬ ¼ , where
TT Td y zª º ¬ ¼ . 
Subsequently, (1) and (8) can be rewritten as 
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The control strategy is: 
1 1
2( )
T T
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       (11) 
Where 
iP is the solution of equation (7), and Pi2 is the solution of equation (12): 
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2iP is further partitioned as, > @2 21 22i i iP P P  
Introduce variables 21i iq P y and 22i ib P z .Then the (11) can be rewritten as: 
1 ( )Ti i i i i iu R B Px q b
     (13) 
3. Design of Control for Generation Units 
3.1. Power System Model 
The study3 build a two-area interconnected small-signal linear power system model. Area 1 consists of reheat-
type coal, hydro, gas generation units, and wind farms, which stand for the small capacity area or island power 
system. Area 1 is connected to Area 2 through tie line. The capacity6 of Area 2 is far larger than that of Area 1. The 
capacity ratio of two areas is chosen as 1:10. For simplicity, Area 2 contains only reheat-type coal generation unit. 
3.2. Control Strategies Design of Generation Units 
Weight matrices Qi and Ri is chosen according to the following considerations: 
z The deviations of frequency should be regulated by units in Area 1. 
z Hydro unit should contribute more than others7. 
z Gas unit is usually limited to peaking and emergency duty in current power systems. 
z The tie-line bias control is used in Area 2. 
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Fig.1. Linear model of two-area interconnected power system 
So Qi and Ri are selected as:  
Q1=diag(10,10,10,10,5,5,5,5,5,5,5,200),Q2 =diag(20,5,5,5,5,10,10,10,5,5,5,400),  
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Q3 =diag(10,5,5,5,5,5,5,5,10,10,10,10,150),R1=R2=R3=[1].  
The smaller the value of Vi, the better robustness the control strategy can achieve. Therefore Vi is selected as V1 
=diag(175,300), V2=diag(280,500),V3 =diag(200,600). System matrix A, Bi,and x(t), w(t) are adopted from (8). 
Thus, xr is calculated as:  
3
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  ¦  (14) 
where α1=0.55, α2=0.25, and α3=0.2.Moreover, the control strategy for the generation unit in Area 2 is : 
4 2 2 2 2i pu K ACE dt K ACE  ³   (15) 
where 2 12 2tieACE a P fE '  ' , K2i=0.1, K2p=0.01. 
3.3. Comparison of control effects 
As Fig.2 shows, the impulse function and step function with an amplitude of 0.01 pu. MW are used to model the 
variations of wind farms output. A sine signal with amplitude 45 10u  pu. MW and period 2.19 rad/s was added 
(solid line) as interference. As shown in Figs. 3-4, the controls designed by LQSCDGTC, LQDGTC, and OTCT all 
show an outstanding damping effect com-pared with the PI controller. 
 
 
Fig.2. Variation of wind farms output 
 
Fig.3. (a) The frequency deviation of Area 1; (b) The frequency deviation of Area 2 
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Fig.4. (a) Variation of ACE signal of Area 1; (b) Variation of ACE signal of Area 2 
3.4. Influence of parameter variation on system performance 
To test the robustness of proposed control method against system parameter variation, the parameters of 
generation units in Area 1 are decreased by -30%, -20%, -10% and increased by +10%, +20%, +30%, respectively. 
A wind power disturbance of 0.01 pu. MW is applied to Area 1.  
The integral squared error (ISE) index is defined as: 
 
0
2 2 2
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T
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As shown in Fig.5, the system performance with LQSCDGTC is better than others when system parameter 
variation happens. 
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(c) The maximum deviation of tie-line power                        (d)The values of ISE index 
Fig. 4. The Comparison of LQSCDGTC, LQDGTC, OTCT, and PI Controller 
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4. Conclusion 
The following novel contributions are made in this work.˖ 
x A new robust control strategy design method is developed based on OTCT and LGSCDGT.  
x LGSCDGTC has better performance and robustness against unobservable disturbance noise signal and parameter 
variation. 
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